Taking orostanal (a compound from a Japanese marine sponge, Stelletta hiwasaensis) as a lead compound, some novel B-norcholesteryl benzimidazole and benzothiazole derivatives were synthesized. The antiproliferative activity of the compounds against human cervical carcinoma (HeLa), human lung carcinoma (A549), human liver carcinoma cells (HEPG2) and normal kidney epithelial cells (HEK293T) was assayed. The results revealed that the benzimidazole group was a better substituent than benzothiazole group for increasing the antiproliferative activity of compounds. 2-(3β′-Acetoxy-5β′hydroxy-6′-B-norcholesteryl)benzimidazole (9b) with the structure of 6-benzimidazole displays the best antiproliferative activity to the cancer cells in all compounds, but is almost inactive to normal kidney epithelial cells (HEK293T). The assay of compound 9b to cancer cell apoptosis by flow cytometry showed that the compound was able to effectively induce cancer cell apoptosis. The research provided a theoretical reference for the exploration of new anti-cancer agents and may be useful for the design of novel chemotherapeutic drugs.
Introduction
Cancer is the leading cause of death in economically developed countries and the second leading cause of death in developing countries [1] . WHO reported that the incidence of cancer will increase by 50%, and the global annual increase of the number of cancer patients will reach 15,000,000 in 2020. So, finding novel chemotherapeutic agents with excellent antiproliferative activity and high therapeutic compounds remain an important target for scientists [2] .
The discovery of new compounds from natural sources has been very important in pharmacologic science research. The past decade has witnessed an increase in the number of compounds from the screening of diverse marine invertebrates, such as soft corals, sponges and tunicates. In 2001, a novel sterol, named orostanal (1) (Figure 1 ), possessing a contracted cyclopentane B-ring was isolated from a Japanese marine sponge, Stelletta hiwasaensis. Orostanal induced apoptosis in HL-60 cells at 10 μg/mL, and inhibited 50% cell growth at 1.7 μM [3] . After that, another novel 5(6-7)abeo-sterol named parguesterol B (2) was obtained from the Caribbean Sea sponge Svenzea zeai, and it was a moderately strong anti-tuberculosis molecule with a MIC value of 7.8 μg/mL [4] . Since compound 1 displays an excellent antiproliferative activity by inducing the apoptosis of tumor cell, it aroused our great interest to design and synthesize some steroidal compounds with 6,5,6,5 fused rings and assay their antiproliferative activity. In previous work, taking orostanal as a lead compound, we had prepared a series of analogs of compound 1 or 2 with different substituted groups and various side chains, and evaluated their antiproliferative activities [5, 6] . The results showed that the presence of a cholesterol-type side chain was very important in determining the cytotoxicity of these compounds, and the presence of a thiosemicarbazone group at the C-6 position of steroid nucleus could enhance the antiproliferative activity of the compounds. For example, compound 3 exhibited excellent antiproliferative activities with an IC50 value of 13.8 and 5.4 μM against SGC-7901 (human ventriculi carcinoma) and HeLa (human cervical carcinoma) cells [7] .
Heterosteroids have been accredited with a great amount of attention over the years by medicinal chemists for drug discovery. The incorporation of a heterocyclic ring or a heteroatom in the steroidal skeleton affects the chemical properties of a steroid and often results in useful alterations in its biological activities [8, 9] . Some heterosteroids display an excellent anticancer activitiy, e.g., anticancer agents like 2-methoxyestradiol [10] , exemestane [11] , estramustine phosphate sodium [12] and abiraterone [13] . So far, the steroids containing heterocycles had been widely explored and reported [14] . Literatures suggested that such compounds displayed distinct cytotoxicity against cancer cell lines [15] [16] [17] [18] [19] .
In order to obtain biologically potent anticancer compounds with diverse structures, as an extension of our previous work, a series of B-norsteroidal compounds possessing a 6,5,6,5 fused ring and the structure of 6-benzimidazole or 6-benzothiazole had been prepared starting from cholesterol in the present study. Meanwhile the antiproliferative activity of the compounds in vitro was evaluated further.
Results and Discussion

Chemistry
Scheme 1 outlines the synthetic procedure of B-norcholesteryl benzimidazole compounds (7) (8) (9) (10) (11) . Compound 6 was prepared according to Gan, C.F. [5] . The configurations of C-5 and C-7 in compound 6 had been described in references [20] [21] [22] . The reaction of compound 6 with O-phenylenediamine afforded a corresponding benzimidazole group in the 6-position of steroidal nucleus [23] . To investigate the effect of various substituent groups in benzene ring on the antiproliferative activity of compounds, compounds (7) (8) (9) (10) (11) were synthesized by the reaction of 6 with different O-phenylenediamine derivatives. Their structures were confirmed on analytical and spectral data. In the NMR spectrum, resonances signals of Ar-H at 6.93, 7.22, 7.44 ppm and Ar-C at 160.7-110.0 ppm proved the formation of benzimidazole in compound 7a. RO However, when compound 6 reacted with 4-trifluoromethyl-O-phenylenediamine, the anticipated compound, 2-(3β′,5β′-dihydroxy-6′-B-norcholesteryl)-5-trifluoromethylbenzimidazole was not produced. Interestingly, we obtained compound 12 possessing an isoxazolidine ring structure (Scheme 2). Because the nucleophilicity of 2′-NH2 is largely decreased due to a negative inductive effect of trifluoromethyl group, it cannot form the structure of benzimidazole, and compound 12 is generated.
The structure of 12 was confirmed by analysis of 1 H, 13 
12
Intermediate A Scheme 3. The mechanism of formation of compound 12.
In order to investigate the effect of S-containing benzimidazole on the antiproliferative activity, we prepared B-norcholesteryl benzothiazoles (13) by reacting compound 6a with 2-aminothiophenol (Scheme 4). The structure of 13 was confirmed by analysis of IR, NMR and HRMS. Last, in order to determine the effect of benzene ring in benzimidazole on the cytotoxicity of compounds, we hoped to prepare compound 14 possessing a structure of pyridine ring but the anticipated compound 14 was not formed (Scheme 5). However, we obtained compound 15 with a structure of imine. The structure of 15 was confirmed by analysis of IR, NMR and HRMS. 
Biological Results and Discussion
Lung cancer and liver cancer are a main cause of death in cancer patients. To evaluate the antiproliferative activity of the new compounds, we determined their IC50 values on A549 (human lung carcinoma), HEPG2 (human liver carcinoma) and HeLa (human cervical carcinoma) using a MTT assay, and non-cancer cells HEK293T (Normal Kidney Epithelial Cells) were chosen as a control. MTT is a compound that can be taken up by viable cells and reduced by a mitochondrial dehydrogenase forming a formazan product in living cells. The absorbance of the formazan at 492 nm is in linear proportion to cell numbers. The results were summarized as IC50 values (concentration of a compound allowing survival of 50% of the cells in a population) in µmol/L in Table 1 . As showed in Table 1 , B-norcholesteryl benzimidazole derivatives (7-11) exhibited an excellent antiproliferative activity against HeLa cells. Except for compounds 7b, 8b and 11b, the IC50 values of all compounds are under 10 µM. Thereinto, the most active compounds were 7a, 8a, 9a, 9b and 10a (IC50 values: 4.2, 3.6, 4.9, 4.7 and 2.2, respectively). Obviously, compound 9b with the structure of 6-benzimidazole displayed the best antiproliferative activity against A549 and HEPG2 cells while compound 10b showed the best activity against HeLa cells in all compounds. Among all compounds synthesized, compound 9b with benzimidazole, 10a and 11a with electron-donating groups in the benzimidazole displayed excellent cytotoxicity for HEPG2 cells (IC50: 4.2, 4.5 and 8.4, respectively).
After an electron-withdrawing group was introduced into the skeleton of benzimidazole, the cytotoxicity of the compounds 7b-8b possessing 5-fluoro and 5-nitro resulted in slightly decreased. However, compounds 10a, 10b and 11a with electron-donating groups in the benzene ring showed a similar cytotoxicity compare with compounds 9a and 9b. Interestingly, except compound 9a, compound 9b and compounds 10-11 with the electron-donating groups were almost inactive to normal kidney epithelial cells (HEK293T), but compounds 7 and 8a with the electron-withdrawing groups showed distinct cytotoxicity to same kind of cells.
After the 3-hydroxyl group on 8a was transformed into 3-acetoxyl, the antiproliferative activity of compound 8b against these cells decreased greatly, suggesting the importance of the hydroxyl group in the compound 8. However, after the 3-hydroxyl group in 9a was transformed into 3-acetoxyl, the antiproliferative activity of forming compound 9b obtained a prominent increase against the cancer cells and an obvious decrease on normal kidney epithelial cells. These results demonstrated that compound 9b based on the 3-acetoxyl and 6-benzimidazole was a potent antiproliferative agent.
Compound 12a bearing an isoxazolidine ring structure displayed also distinct cytotoxicity against these cancer cells. However, compound 12b showed an excellent selective cytotoxicity against HeLa cells with an IC50 value of 3.7 µM, and was almost inactive on other cancer cells. Both of 12a and 12b were inactive on normal kidney epithelial cells.
Apparently, after the N atom of benzimidazole was substituted by S atom, the cytotoxic activity of the forming compound 13 was markedly decreased (compare 9a and 13). The results demonstrate that benzimidazole group is a better substituent than benzothiazole group for increasing the antiproliferative activity of compounds and suggest that the analogs based on the 6-benzimidazole scaffold may constitute a novel class of antiproliferative agents, which deserve further study. Obviously, compound 15 with the structure of pyridine ring didn't display distinct cytotoxicity against all these cells except HeLa cells.
The Selectivity Index (SI) was defined as the ratio of the cytotoxicity of a compound with respect to normal cells (IC50 HEK293T) versus cancer cells and used to determine the criterion of effectiveness of the compounds. The SI values of the compounds are listed in Table 2 .
One important criterion for a therapeutic drug for cancer is to have minimal or no side effects to normal body cells of patients undergoing chemotherapy. Taking into account that a higher SI corresponds to greater overall anticancer activity, we can identify the leading compounds as 9b, 10a and 11a (SI values for HeLa cells: 17.0, 10.7, 10.7; A549 cells: 6.7, 6.1, 5.7; HEPG2: 19.0, 17.8, 9.5). Meanwhile, compound 10b displayed the best excellent selective inhibition against HeLa cells, and the SI was 36.4. So, comparison of the cytotoxicity of the compounds with the SI values suggested that the compounds 9b, 10a and 11a may be potent anticancer agents and compounds 10b and 12b are excellent inhibitors against human cervical carcinoma (HeLa), which deserve further study. A comparison of the structures of the synthesized compounds with pronounced biological activity makes it possible to identify some structure/biological activity relationships for these B-norcholesteryl benzimidazole and benzothiazole derivatives:
(1) The 6-benzimidazole group is a better substituent than 6-benzothiazole group for increasing the antiproliferative activity of compounds (compare 9a and 13).
(2) The presence of electron-withdrawing groups in the benzimidazole will decrease the cytotoxicity of the compounds and electron-donating groups show not an obvious effect for cytotoxicity of compounds (compare 7b, 8b and 9b or 9a, 10a and 11a) .
(3) Introduction of an isoxazolidine ring joined with ring B or an 6-imine moiety cannot increased the cytotoxicity of the compounds (compare 7a and 12a, 12b) . The introduction of pyridine ring in benzimidazole deceases the cytotoxicity of the compound on HeLa and HEPG2 cells (compare 9a, 12a and 15).
To further disclose the molecular mechanism by which the compounds inhibit cancer cell proliferation, the HeLa cells were treated with compounds 9b, 10a and 11a, and Annexin V assay was performed. The translocation of membrane phospholipid phosphatidylserine (PS) from the inner to the outer leaflet of the plasma membrane is an early event of cell apoptosis. Annexin V is a 35-36 kD Ca 2+ dependent, phospholipid-binding protein that has a high affinity for PS. Therefore, FITC-conjugated Annexin V is commonly used to determine apoptotic cells at an early stage. As shown in Figure 2 , treatment with 5 μM of 9b, 10a and 11a resulted in 54.2%, 54.0% and 65.1% PI/Annexin V double-labeled apoptotic cells after 24 h incubation (the lower right quadrant and the upper right quadrant which contains early and late apoptotic cells, respectively), and necrotic cells are only 0.43%, 0.36% and 0.67% (the upper left quadrant), suggesting these compounds are potent apoptotic inducers in cervical carcinoma cells. There into, compound 11a is more potent in induction of apoptosis in HeLa cells (Compare 11a with 9b and 10a) . Similar results were observed after HeLa cells were treated with compounds 9b and 10a in a dose dependent manner (Figures 3 and 4) . Treatment with 5 μM of 9b for 24 h resulted in 54.2% PI/Annexin V double-labeled apoptotic cells while 10a could produce 78.4% in 10 μM condition.
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Experimental Section
Chemistry
The sterols were purchased from Sinopharm Chemical Reagent Co., Ltd, Shanghai, China. All chemicals and solvents were analytical grade. Melting points were determined on an X4 apparatus (Beijing Tech Instrument Co. Ltd., Beijing, China) and were uncorrected. Infrared spectra were measured with a Thermo Scientific Nicolet IS-10 Spectrophotometer (Thermo Fisher Scientific, New York, NY, USA). The 1 H and 13 C NMR spectra were recorded in CDCl3 on a Bruker AV-600 spectrometer at working frequencies 600 and 150 MHz, and a Bruker AV-300 spectrometer at working frequencies 300 and 75 MHz, respectively. Chemical shifts are expressed in parts per million (δ) values and coupling constants (J) in Hertz. HREIMS was measured on an Agilent 6210 TOFMS instrument (Agilent Technologies, Palo Alto, CA, USA). The cell proliferation assay was undertaken by a MTT method using 96-well plates on a MLLTISKAN MK3 analysis spectrometer (Thermo Scientific, Shanghai, China). Annexin V assay was performed using FACS Calibur flow cytometry (Becton Dickinson, Biosciences, Franklin Lakes, NJ, USA).
Compound 6 was prepared according to the method in reference [5] .
General Procedure for the Synthesis of Compounds 7-11
O-Phenylenediamine derivative (1.6 mmol) was added to a solution of compound 6 (1.0 mmol) in THF (50 mL). The solution was stirred for 8-24 h at room temperature until no starting material was observed (the progress of the reaction was monitored by TLC, petroleum ether/ethyl acetate = 2:1). Then the reaction was stopped and the majority of solvent was evaporated under reduced pressure. The residue was purified by flash chromatography on silica gel (300-400 mesh) to afford the corresponding target products 7-11. 
Conclusions
We synthesized some novel B-norcholesteryl benzimidazole and benzothiazole derivatives. The antiproliferative activity of the compounds against human cervical carcinoma (HeLa), human lung carcinoma (A549), human liver carcinoma cells (HEPG2) and normal kidney epithelial cells (HEK293T) was assayed. The results showed that some B-norcholesteryl benzimidazole compounds exhibited an excellent antiproliferative activity and almost inactive to normal kidney epithelial cells (HEK293T). In addition, the results revealed that the benzimidazole group was a better substituent than benzothiazole group for increasing the antiproliferative activity of compounds. The most potent compound 9b with the structure of 6-benzimidazole exhibited excellent antiproliferative activities with an IC50 value of 4.7, 11.9 and 4.2 μM against HeLa, A549 and HEPG2 cells, respectively, and was able to effectively induce tumor cells apoptotic. The results suggest that B-norcholesteryl derivatives based on benzimidazole group may constitute a novel class of antiproliferative agents, which deserve further study.
